Introduction {#Sec1}
============

Cell death plays an important role in a variety of contexts, such as maintaining homeostasis during development and disease prevention \[[@CR1]--[@CR3]\]. Previously, it was assumed that apoptosis was the only regulated form of cell death \[[@CR2], [@CR3]\]. However, this view has been recently challenged by the discovery of several nonapoptotic cell death pathways \[[@CR4]--[@CR6]\], including necroptosis \[[@CR7]\] and ferroptosis \[[@CR8]\].

Distinct from apoptosis, necrosis, and autophagy, ferroptosis is an oxidative, iron-dependent form of cell death \[[@CR8]--[@CR10]\]. The ferroptosis-inducing compounds, eradicator of Ras and ST (erastin) \[[@CR11]\] and Ras selective lethal 3 (RSL3) \[[@CR12]\], were discovered using high-throughput screening of small-molecule libraries. The cell death induced by these compounds was triggered by inactivation of cellular glutathione (GSH)-dependent antioxidant defenses, leading to the accumulation of toxic lipid reactive oxygen species (ROS) \[[@CR8]--[@CR10], [@CR13]\], and notably was absent of apoptotic hallmarks \[[@CR11]--[@CR13]\]. Specifically, erastin inhibits the glutamate (Glu)/cystine antiporter of system x~c~^-^ and consequently, the import of cystine. A lack of cystine, an important precursor of GSH synthesis, results in the reduced level of GSH and ROS accumulation \[[@CR8]\]. In addition, RSL3 directly binds and inhibits glutathione peroxidase 4 (GPX4), which is a critical antioxidant enzyme that can reduce lipid hydroperoxides within biological membranes \[[@CR9], [@CR14]\]. Without adequate levels of GPX4, GSH cannot function as a reducing agent within the local peroxidase reaction cycle and thus causes an accumulation of lipid ROS and induction of ferroptosis. Both erastin and RSL3 share this common cell death mechanism, which causes loss of cellular antioxidant capacity that leads to ferroptosis \[[@CR8], [@CR15]\].

Recently, additional genes and pathways have been found to modulate ferroptosis, including iron metabolism, lipid metabolism, and amino-acid metabolism \[[@CR10], [@CR16]--[@CR19]\]. [l]{.smallcaps}-glutamine (Gln) has long been known to be essential for cancer cell growth. Recent studies have demonstrated that Gln metabolism contributes to the formation of oxidizable lipids to induce ferroptosis \[[@CR10], [@CR20]\]. The Gln importer SLC1A5/SLC38A1, glutaminases 2 and glutamic-oxaloacetic transaminase 1 (GOT1) are required for Gln uptake and metabolism to Glu and ultimately to a-ketoglutarate (a-KG). Knockdown of these genes provided cell partial immunity to ferroptosis induction \[[@CR10]\].

MicroRNAs (miRNAs) are a class of endogenously expressed, ∼22 nucleotides (nt) non-coding RNAs, which post-transcriptionally regulate gene expression. Importantly, miRNAs play an essential role in a broad range of biological processes including proliferation, differentiation, apoptosis, and autophagy, linking them to numerous diseases including cancer \[[@CR21]--[@CR23]\]. However, no miRNAs have been reported to directly regulate ferroptosis so far. Following an unbiased screen of miRNAs affecting erastin- and RSL3-induced ferroptosis, we discovered that miR-137 suppressed ferroptosis by directly targeting the Gln importer SLC1A5. Our findings underline the importance of miRNA in ferroptosis regulation and introduce miR-137 as an important regulator of ferroptosis in melanoma.

Materials and methods {#Sec2}
=====================

Cell culture and transfection {#Sec3}
-----------------------------

Melanoma cell lines A375 and G-361 were obtained from American Type Culture Collection (ATCC, USA) and cultured in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal bovine serum (Invitrogen), 2 mM [l]{.smallcaps}-glutamine and 1% penicillin--streptomycin (Gibco-BRL). Cells were dissociated with 0.05% trypsin and counted with an automated cell counter (µScope Cell Counter Basic, Xietong ChenDong Tech., China). Transfections were performed according to the manufacturer's instructions with Lipofectamine 2000 (Invitrogen) or RNAiMax transfection reagent (Invitrogen).

Plasmids {#Sec4}
--------

To generate miR-137 overexpression constructs, a 361-bp fragment up and downstream of the pre-miR-137 was amplified from HEK293T complementary DNA (cDNA) by PCR (forward primer, 5′-GCTCAGCGAGCAGCAAGAGT-3′ and reverse primer, 5′-GGCAATAAGAGCGAAACACCA-3′), and cloned into pcDNA5/FRT/TO vector with *Kpn*I and *Xho*I restriction enzyme sites or pCDH-CMV-MCS-EF1-Puro vector with *Xba*I and *Bam*HI restriction enzyme sites. The anti-miR-137 and anti-Scramble oligos were obtained from Genepharma (Shanghai, China). To generate stable and specific knockdown miR-137 vector, we cloned miR-137 target sequence (5′-TACAGACCATCATTTAGCAATAC-3′) into pCDH-CMV-MCS-EF1-Puro lentiviral vector with *Xba*I and *Bam*HI restriction enzyme sites. The full-length cDNA of human SLC1A5 was cloned from HEK293T cDNA by PCR. The 3′-UTR regions of SLC1A5 and SLC38A1 were amplified by PCR and then cloned into psiCHECK-2 Vector (Promega) (SLC1A5 forward 5′-CAGGGAGCAGGTCACAGGTC-3′, and SLC1A5 reverse 5′-CAGTTTTCAGACTGCAGCAAATC-3′; SLC38A1 forward, 5′-CCAATTCAGTGAGGCACAGTGTT-3′ and SLC38A1 reverse primer, 5′-CGTAAATTTGAGCCTGTATACAG-3′). To generate the 3′-UTR mutants of SLC1A5, the binding site (AGCAAUCC) was changed to (CAACCAAU) using the site-directed mutagenesis kit (NEB E0554) and verified by sequencing.

Antibodies and chemicals {#Sec5}
------------------------

The following antibodies were used in this study: SLC1A5 (ab84903, Abcam), glutaminase 2 (GLS2; ab113509, Abcam), GOT1 (PA5-24634, Thermo), SLC38A1 (ab59721, Abcam), Flag (F3165, clone M2; SigmaAldrich), Actin (sc-8432, Santa Cruz). HRP-labeled secondary antibody conjugates were purchased from Molecular Probes (Thermo). Erastin (\#E7781), RSL3 (\#S8155), and ferrostatin-1 (\#S7243) were obtained from Selleck Chemicals (Houston, TX, USA). Necrosulfonamide (ab143839) and Z-VAD-FMK (ab120382) were obtained from Abcam. Compound 968 (352010), GPNA (G1135), and amino-oxyacetate (AOA; C13408) were obtained from Sigma.

Immunoblotting {#Sec6}
--------------

For immunoblotting, cells were washed with ice-cold phosphate-buffered saline (PBS), lysed in lysis buffer (20 mM Tris at pH 7.5, 150 mM NaCl, 1 mM EDTA, and 2% Triton X-100), supplemented with a phosphatase inhibitor mix (Pierce) and a complete protease inhibitor cocktail (Roche). Cell lysates were resolved by sodium dodecyl sulfate--polyacrylamide gel electrophoresis and transferred to a polyvinylidene difluoride membrane (Bio-Rad). Membranes were blocked with 5% non-fat milk, and probed with the indicated antibodies. Horseradish peroxidase-conjugated goat secondary antibodies were used (1:5000, Invitrogen). Immunodetection was achieved with the Hyglo chemiluminescence reagent (Denville Scientific), and detected by a Bio-Rad ECL machine.

Luciferase reporter assay {#Sec7}
-------------------------

Melanoma cells were cultured in six-well plates and co-transfected with a psiCHECK-2 luciferase reporter plasmid and either anti-miR-137 or miR-137 overexpression construct. Cells were lysed 48 h after transfection and assayed with the dual-luciferase reporter assay system (Promega E1910), and measurements were made on the Beckman-Coulter DTX880. At least four replicates with three independent experiments were performed, transfection efficiency was normalized using Renilla luciferase.

RNA extraction, cDNA synthesis, and real-time PCR analysis {#Sec8}
----------------------------------------------------------

Total RNA was isolated with the RNeasy Mini Kit (Qiagen 74104), and 1 µg of total RNA was used for cDNA synthesis using the iScript™ cDNA Synthesis Kit (Bio-Rad). Quantitative real-time PCRs were carried out using iQ SYBR Green Master Mix (Bio-Rad). Samples were obtained and analyzed on the CFX96 Touch Real-Time PCR Detection System. The gene expression levels were normalized to actin. The primer sequences used for PCR were: SLC1A5 forward, 5′-CAACCTGGTGTCAGCAGCCTT-3′ and SLC1A5 reverse, 5′-GCACCGTCCATGTTGACGGTG-3′; SLC38A1 forward, 5′-CCTCCTATTGATCTGTTCAA-3′ and SLC38A1 reverse, 5′-TTAGCTCTGGAACAATGCAG-3′; actin forward, 5′-GCTCGTCGTCGACAACGGCT-3′ and actin reverse, 5′-CAAACATGATCTGGCTCATCTTCTC-3′. To verify the expression of miR-137, total RNA was prepared using the RNeasy Mini Kit (Qiagen 74104), and 1 µg of total RNA was used for cDNA synthesis using TaqMan™ MicroRNA Reverse Transcription Kit (Thermo 4366596). The quantitative PCR analysis was performed with TaqMan miRNA assays and normalized to small nuclear RNA (Rnu6) (Thermo 4426961).

Cell viability assay {#Sec9}
--------------------

Cell viability was evaluated using the Cell Counting Kit-8 (CCK-8) (\#96992, Sigma) according to the manufacturer's instructions. The assay is based on utilizing the highly water-soluble tetrazolium salt WST-8 \[2-(2-methoxy-4-nitrophenyl)-3-(4-nitrophenyl)-5- (2,4-disulfophenyl)-2H-tetrazolium,monosodium salt\] to produce a water-soluble formazan dye upon reduction in the presence of an electron carrier. Absorbance at 450 nm is proportional to the number of living cells in the culture.

Colony formation assay {#Sec10}
----------------------

For the colony formation assay, cells were seeded in 60 mm dishes. At 70--80% confluence, cells were treated with indicated drugs for 24 h. Cells were trypsinized, counted, and re-plated in appropriate dilutions for colony formation. After 10--14 days of incubation, colonies were fixed and stained in a mixture of 6% glutaraldehyde (Amresco) and 0.5% crystal violet, carefully rinsed with tap water, and dried at room temperature. Plating efficiency was determined for each individual cell line and the surviving fraction was calculated based on the number of colonies that arise after treatment. Each experiment was repeated three times.

Malondialdehyde (MDA) assay {#Sec11}
---------------------------

The relative MDA concentration in cell lysates was assessed using a Lipid Peroxidation Assay Kit (\#ab118970, Abcam) according to the manufacturer's instructions. Briefly, the MDA in the sample reacted with thiobarbituric acid (TBA) to generate a MDA-TBA adduct. The MDA-TBA adduct was quantified colorimetrically (optical density (OD) = 532 nm).

Iron assay {#Sec12}
----------

Intracellular ferrous iron (Fe^2+^) level was determined using the iron assay kit purchased from Abcam and was used according to the manufacturer's instructions. Briefly, samples were collected and washed in cold PBS. Samples were homogenized in 5X volumes of iron assay buffer on ice. The supernatant was collected and iron reducer was added to each sample before mixing, and incubating for 30 min. Then, the iron probe was added to each sample before mixing, and incubating for 60 min. The output was measured immediately on a colorimetric microplate reader (optical density (OD) 593 nm).

Glutamine uptake assay {#Sec13}
----------------------

The \[^3^H\]-[l]{.smallcaps}-glutamine uptake was performed as described previously \[[@CR24], [@CR25]\]. Briefly, cells were cultured in six-well plates in glutamine-free DMEM/F-12 medium (Invitrogen). After collecting and counting, cells were incubated with 200 nM \[^3^H\]-[l]{.smallcaps}-glutamine (PerkinElmer) in glutamine-free DMEM/F-12 medium for 15 min at 37 °C in the presence or absence of erastin and RSL3. Cells were collected, transferred to filter paper using a 96-well plate harvester (Wallac PerkinElmer), dried, exposed to scintillation fluid, and counts measured using a liquid scintillation counter (PerkinElmer).

Lipid ROS assay using flow cytometer {#Sec14}
------------------------------------

Lipid ROS level was determined using 5 µM of BODIPY-C11 dye purchased from Thermo according to previous works \[[@CR9], [@CR26]\]. Briefly, cells were seeded in six-well plates. The next day, culture medium was replaced with 2 ml medium containing 5 µM of BODIPY-C11 and the culture was returned to the cell culture incubator for 20 min. Cells were harvested in 15 ml tubes and washed twice with PBS followed by re-suspending in 500 µl of PBS. The cell suspension was filtered through cell strainer (0.4 µm nylon mesh) and subjected to the flow cytometry analysis to examine the amount of ROS within cells. The fluorescence intensities of cells per sample were determined by flow cytometry using the BD FACSAria cytometer (BD Biosciences).

shRNA constructs {#Sec15}
----------------

All shRNAs were purchased from Sigma. The shRNA clones IDs are the following: SLC38A1 KD: TRCN0000069231; GLS2 KD: TRCN0000177027, SLC1A5 KD: TRCN0000340676; GOT1 KD: TRCN0000119795.

Lentivirus production {#Sec16}
---------------------

For lentivirus production, HEK293T cells were transfected with pLKO.1/puro plasmids together with pCMV-dR8.91 and pCMV-VSV-G packing plasmids using Calcium Phosphate Transfection Kits (Clontech). Viral particles were collected 48 h after transfection, filtered with 0.45 µm sterile filter and concentrated by ultracentrifugation at 4 °C (24,000 rpm, 2 h, Beckman-Coulter ultracentrifuge XL-100K).

Xenograph mouse model {#Sec17}
---------------------

To generate murine subcutaneous tumors, melanoma cells (5 × 10^6^ cells per mouse) were injected subcutaneously into the right posterior flanks of 7-week-old immunodeficient nude mice. Tumor formation was monitored and tumor volume based on calliper measurements was calculated by the modified ellipsoidal formula (tumor volume = 1/2(length×width^2^)). When tumors reached a volume of approximately 50 mm^3^, mice were randomly allocated into groups and treated with erastin for 20 days. The erastin was dissolved in 5% dimethylsulfoxide (DMSO) + corn oil (C8267, Sigma). To better dissolve erastin, we warmed the tube at 37 ℃ water base and shake it gently. All animal procedures were performed in accordance with institutional guidelines.

Statistical analysis {#Sec18}
--------------------

All experiments were independently repeated at least three times. Data were represented as mean ± SD. Unpaired Student's *t*-tests were used to compare the means of two groups. One-way analysis of variance (ANOVA) was used for comparison among the different groups. When ANOVA was significant, post hoc testing of differences between groups was performed using the least significant difference test. All data were analyzed by GraphPad Prism 6.0 (GraphPad Software, Inc.). A *p*-value \<0.05 was considered statistically significant.

Results {#Sec19}
=======

miR-137 regulates erastin- and RSL3-induced ferroptosis in melanoma {#Sec20}
-------------------------------------------------------------------

Erastin and RSL3 are two classical small-molecule inducers of ferroptosis, which were lethal at lower doses in engineered human tumor cells expressing oncogenic HRAS^V12^ than in isogenic cells expressing wild-type HRAS \[[@CR8]\]. Given the oncogenic RAS mutants increased basal ROS levels in fibroblasts through the RAS--RAF--MEK--MAPK pathway, we analyzed the ferroptosis induction activity of erastin and RSL3 in two human melanoma cell lines that harbor the BRAF^V600E^ mutation, A375 and G-361. Both erastin (IC~50~ (A375) = 3.52 µM; IC~50~ (G-361) = 11.83 µM) and RSL3 (IC~50~ (A375) = 0.074 µM; IC~50~ (G-361) = 0.44 µM) induced cell death in A375 and G-361 cells in a dose-dependent manner, this process was reversed by the ferroptosis inhibitor ferrostatin-1 (Fig. [1a](#Fig1){ref-type="fig"}). However, the apoptosis inhibitor ZVAD-FMK and necroptosis inhibitor necrosulfonamide had no effects on both erastin- and RSL3-induced cell death (Fig. [1a](#Fig1){ref-type="fig"}). These results indicate that erastin and RSL3 can sufficiently induce ferroptosis in melanoma cells carrying BRAF^V600E^ mutation.Fig. 1miR-137 negatively regulates ferroptosis in melanoma. **a** The A375 and G-361 human melanoma cells were treated with erastin (2.5--40 µM) or RSL3 (0.1--10 µM) with or without a cell death inhibitor (ferrostatin-1, 1 µM; ZVAD-FMK, 10 µM; necrosulfonamide, 0.5 µM) for 24 h. Cell death was assayed using a CCK-8 kit. Data shown represent mean ± SD from three independent experiments. \*\*\*\**p* \< 0.0001. **b** Overexpression of miR-137 suppressed erastin- and RSL3-induced cell death in human melanoma cells. Indicated cells were treated with erastin (2.5--40 µM) or RSL3 (0.1--10 µM) for 24 h. Cell death was assayed using a CCK-8 kit. Data shown represent mean ± SD from three independent experiments. \**p \< *0.05; \*\**p \< *0.01; \*\*\**p \< *0.001. **c** Inhibition of endogenous miR-137 enhanced erastin- and RSL3-induced cell death in human melanoma cells. Indicated cells were treated with erastin (2.5--40 µM) or RSL3 (0.1--10 µM) for 24 h. Cell death was assayed using a CCK-8 kit. Data shown represent mean ± SD from three independent experiments. \**p \< *0.05; \*\**p \< *0.01. **d** Quantitative RT-PCR showing the relative expression levels of miR-137 in **b**. Data are mean ± SD from three independent experiments. \*\*\**p* \< 0.001. **e** Quantitative RT-PCR showing the relative expression levels of miR-137 in **d**. Data are mean ± SD from three independent experiments. \*\*\**p* \< 0.001

To discover miRNAs that regulates ferroptosis, we performed an unbiased screen in melanoma cells transfected with miRNA overexpressing constructs. After erastin and RSL3 treatment, cell death was analyzed by the CCK-8 cell viability assay. One of the miRNAs blocking erastin- and RSL3-induced ferroptosis was identified as miR-137. Compared with the cells transfected with empty vector, the cell viability of miR-137-overexpressing cells was significantly increased (Fig. [1b](#Fig1){ref-type="fig"}), suggesting that miR-137 may be a negative regulator of ferroptosis. The chemically engineered oligonucleotides, termed "antagomirs", are efficient and specific silencers of endogenous miRNAs \[[@CR27]\]. To further confirm the role of miR-137 in ferroptosis, we knocked down miR-137 by transfecting cells with miR-137 specific antagomir. As shown in Fig. [1c](#Fig1){ref-type="fig"}, suppression of miR-137 expression increased erastin- and RSL3-induced cell death in both A375 and G-361 cells. The cellular levels of miR-137 were significantly modulated by miR-137 overexpression construct (Fig. [1d](#Fig1){ref-type="fig"}) and anti-miR-137 oligonucleotides (Fig. [1e](#Fig1){ref-type="fig"}). These findings indicate that miR-137 is an important regulator of ferroptosis in melanoma cells.

miR-137 inhibits lipid peroxidation and iron accumulation in ferroptosis {#Sec21}
------------------------------------------------------------------------

To explore the molecular mechanism of miR-137 in ferroptosis, we analyzed lipid peroxidation and iron accumulation, which are two important signaling events in triggering ferroptosis. Lipid peroxidation is indispensable for ferroptosis, and GPX4 prevents ferroptosis through clearance of lipid peroxides \[[@CR9]\]. As MDA is one of the most important end-products of lipid peroxidation, we tested whether miR-137 regulates MDA accumulation in melanoma cells. As shown in Fig. [2a](#Fig2){ref-type="fig"}, the elevated levels of MDA induced by erastin and RSL3 were significantly suppressed by the overexpression of miR-137. Moreover, inhibition of endogenous miR-137 by antagomir increased the MDA accumulation in both A375 and G-361 cells (Fig. [2b](#Fig2){ref-type="fig"}). Similarly, the lipid ROS generation assayed by flow cytometry using the fluorescent probes C11-BODIPY were suppressed by miR-137 overexpression in erastin and RSL3-treated cells (Fig. [2c](#Fig2){ref-type="fig"}). Knockdown of miR-137 induced lipid ROS generation in A375 and G-361 cells, as revealed by BODIPY-C11 staining (Fig. [2d](#Fig2){ref-type="fig"}).Fig. 2miR-137 regulates the lipid metabolism of melanoma cells. **a** miR-137 overexpression significantly suppressed the erastin- and RSL3-induced lipid formation. Indicated cells were treated with erastin (5 µM in A375, 10 µM in G-361) or RSL3 (0.1 µM in A375, 0.5 µM in G-361) for 24 h. The lipid formation was measured by MDA assay. Data shown represent mean ± SD from three independent experiments. \*\**p \< *0.01. **b** miR-137 antagomirs significantly increased the erastin- and RSL3-induced lipid formation. Indicated cells were treated with erastin (5 µM in A375, 10 µM in G-361) or RSL3 (0.1 µM in A375, 0.5 µM in G-361) for 24 h. The lipid formation was measured by MDA assay. Data shown represent mean ± SD from three independent experiments. \*\**p \< *0.01. **c** Overexpression of miR-137 significantly suppressed erastin- and RSL3-induced lipid ROS level as assessed by flow cytometry using C11-BODIPY. Indicated cells were treated with erastin (5 µM in A375, 10 µM in G-361) or RSL3 (0.1 µM in A375, 0.5 µM in G-361) for 24 h. **d** Cells transfected with miR-137 antagomirs showed increased lipid ROS level as assessed by BODIPY-C11 staining. Indicated cells were treated with erastin (5 µM in A375, 10 µM in G-361) or RSL3 (0.1 µM in A375, 0.5 µM in G-361) for 24 h. **e**, **f** The expression levels of miR-137 influences the Fe^2+^ accumulation in erastin or RSL3-treated A375 and G-361 cells. Indicated cells were treated with erastin (5 µM in A375, 10 µM in G-361) or RSL3 (0.1 µM in A375, 0.5 µM in G-361) for 24 h and the intracellular Fe^2+^ was assayed. Data shown represent mean ± SD from three independent experiments. \**p \< *0.05

Ferrous iron (Fe^2+^) is another essential factor for the execution of ferroptosis. The iron chelators, such as DFO, CPX, 311 and 2,2-BP, can prevent cells from undergoing ferroptosis, whether induced by erastin, RSL3, or a physiological stimulus, such as high concentrations of extracellular Glu \[[@CR8], [@CR9], [@CR12]\]. Therefore, we further investigated the effect of miR-137 on the changes of Fe^2+^ levels. The levels of intracellular Fe^2+^ were increased in A375 and G-361 cells following erastin and RSL3 treatment (Figs. [2e, f](#Fig2){ref-type="fig"}). Overexpression of miR-137 reduced the levels of intracellular Fe^2+^ in A375 and G-361 cells following treatment with erastin or RSL3 (Fig. [2e](#Fig2){ref-type="fig"}). In contrast, anti-miR-137 increased the levels of intracellular Fe^2+^ (Fig. [2f](#Fig2){ref-type="fig"}). Interestingly, the effect of miR-137 on lipid peroxidation was more significant than iron accumulation (\*\**p* \< 0.05 vs \**p* \< 0.01), which suggests that miR-137 inhibits ferroptosis more effectively through regulating lipid peroxidation in melanoma cells.

Glutaminolysis is required for miR-137 regulated ferroptosis {#Sec22}
------------------------------------------------------------

As the most abundant amino acid in the body, cancer cells use Gln both as a nitrogen source for the biosynthesis of nucleotides, amino acid, and lipids as well as an important carbon source for the tricarboxylic acid cycle and cellular energetics \[[@CR28]\]. Recent studies have demonstrated that inhibition of glutaminolysis prevents ferroptosis by reducing the formation of oxidizable membrane lipids (Fig. [3a](#Fig3){ref-type="fig"}) \[[@CR8], [@CR10]\]. To detect whether miR-137 inhibits ferroptosis through regulating glutaminolysis, we transfected A375 and G-361 cells with anti-miR-137 and treated cells with different pharmacological inhibitors to block Gln metabolism (Fig. [3a](#Fig3){ref-type="fig"}). The import of Gln mainly depends on SLC1A5 and SLC38A1, which can be inhibited by [l]{.smallcaps}-g-glutamyl-p-nitroanilide (GPNA) \[[@CR29]\]. As shown in Fig. [3b](#Fig3){ref-type="fig"} and Figure [S1a](#MOESM1){ref-type="media"}, the cell death induced by anti-miR-137 was strongly suppressed by GPNA in erastin-treated A375 and G-361 cells. Similarly, GPNA treatment effectively reduced the accumulation of MDA (Fig. [3b](#Fig3){ref-type="fig"} and Fig. S[1a](#MOESM1){ref-type="media"}).Fig. 3Glutaminolysis mediates miR-137-induced ferroptosis inhibition. **a** Schematic overview of the glutaminolysis pathway in ferroptosis. Glutamine (Gln) is transferred into cell cytoplasm by importers SLC1A5/SLC38A1, and subsequently converted to glutamate (Glu) by glutaminase GLS2 in mitochondria. The aspartate transaminase GOT1 ultimately converts Glu to a-ketoglutarate (a-KG), which contributes to ROS accumulation by an unknown mechanism. The small-molecule inhibitors are indicated in red: L-Gln transporter inhibitor GPNA; GLS inhibitor Compound 968; Pan-transaminases inhibitor AOA. **b** Pharmacological inhibition of multiple components in the glutaminolysis pathway abrogated anti-miR-137-mediated ferroptosis cell death and lipid accumulation. Cells transfected with control or miR-137 antagomirs were treated with erastin (5 µM) and GPNA (5 mM)/compound 968 (20 µM)/AOA (0.5 mM) for 24 h. The cell viability was assayed using a CCK-8 kit and the lipid accumulation was measured by MDA assay. Data shown represent mean ± SD from three independent experiments. n.s. nonsignificant; \*\**p \< *0.01. **c** Knockdown of Gln importers or metabolic enzymes blocked anti-miR-137-mediated ferroptosis cell death and lipid accumulation. Cells stably expressing control shRNA or indicated shRNA targeting metabolic enzymes were transfected with control or miR-137 antagomir, and then treated with erastin (5 µM) for 24 h. The cell viability was assayed using a CCK-8 kit and the lipid accumulation was measured by MDA assay. Data shown represent mean ± SD from three independent experiments. \*\**p \< *0.01. **d** The knockdown efficiency of three shRNA constructs targeting SLC1A5, GLS2 and GOT1 were detected by western blot. **e** The knockdown efficiency of shRNA construct targeting SLC38A1 was measured by real-time RT-PCR. Data shown represent mean ± SD from three independent experiments. \*\*\**p* \< 0.001.

After import, Gln is converted into Glu by GLS2 \[[@CR30]\]. We found that inhibition of GLS2 by compound 968 significantly blocked anti-miR-137-induced cell death and MDA production in A375 cells (Fig. [3b](#Fig3){ref-type="fig"}) and G-361 cells (Fig. S[1a](#MOESM1){ref-type="media"}). Glu can be further converted into a-KG by GOT1 \[[@CR31], [@CR32]\]. We found that AOA, a pan inhibitor of transaminases \[[@CR33]\], inhibited both cell death and MDA accumulation in A375 and G-361 cells enhanced by anti-miR-137 (Fig. [3b](#Fig3){ref-type="fig"} and Fig. S[1a](#MOESM1){ref-type="media"}). Consistently, RNA interference knockdown of these glutaminolysis genes markedly blocked ferroptosis-related cell death and MDA production in miR-137-knockdown A375 cells (Figs. [3c--e](#Fig3){ref-type="fig"}) and G-361 cells (Fig. S[1b-d](#MOESM1){ref-type="media"}). Thus, both pharmacological and genetic inhibition of the glutaminolysis pathway blocked the induction activity of anti-miR-137 in ferroptosis, suggesting that glutaminolysis is required for miR-137 regulated ferroptosis.

miR-137 directly targets and negatively regulates SLC1A5 {#Sec23}
--------------------------------------------------------

To identify specific targets of miR-137, we searched for glutaminolysis genes containing potential miR-137-binding sites in their 3′-UTRs using publicly available bioinformatics tools TargetScan and miRanda \[[@CR34]--[@CR36]\]. We found that the 3′-UTRs of SLC1A5 and SLC38A1 contain the putative miR-137-binding sites predicted by both algorithms (Fig. [4a](#Fig4){ref-type="fig"}). However, the binding site of SLC1A5 is highly conserved in many species, whereas no conservation was observed in the 3′-UTR of SLC38A1 (Fig. [4a](#Fig4){ref-type="fig"}). These findings suggest that SLC1A5 might be a direct target of miR-137.Fig. 4miR-137 directly targets SLC1A5 in melanoma cells. **a** Sequence alignment of miR-137 and the 3′-UTR of SLC1A5 or SLC38A1. The seed sequence of miR-137 and the binding sites in 3′-UTR are indicated in red. The 3′-UTR mutants containing mismatched nucleotides are shown at the bottom. The binding site of SLC1A5 is highly conserved in several species (left), but the binding site of SLC38A1 is not conserved between different species (right). **b** miR-137 overexpression inhibited the expression of 3′-UTR-luciferase reporter of SLC1A5 in A375 and G-361 cells, but the mutant construct was immune to miR-137. Data are mean ± SD from three independent experiments. \*\*\**p* \< 0.001; n.s. not significant. **c** miR-137 overexpression has no effect on the expression of 3′-UTR-luciferase reporter of SLC38A1 in A375 and G-361 cells. **d** miR-137 regulates the mRNA level of SLC1A5 in A375 and G-361 cells. The mRNA levels were measured by quantitative RT-PCR, data are mean ± SD from three independent experiments. \*\**p* \< 0.01. **e** The protein levels of SLC1A5 were modulated by miR-137 in A375 and G-361 cells. Cells transfected with indicated constructs or antagomirs were collected, and the protein level of SLC1A5 was detected by western blot. Actin was used as a loading control. **f** Quantitative analysis of the experiments in (e). Data are mean ± SD from three independent experiments. \*\**p* \< 0.01, \*\*\**p* \< 0.001. **g** miR-137 overexpression significantly suppressed the \[^3^H\]-[l]{.smallcaps}-glutamine uptake in A375 and G-361 cells. Indicated cells were treated with erastin (5 µM in A375, 10 µM in G-361) or RSL3 (0.1 µM in A375, 0.5 µM in G-361) for 24 h. Data shown represent mean ± SD from three independent experiments. \*\*\**p \< *0.001. **h** Inhibition of endogenous miR-137 showed increased \[^3^H\]-L-glutamine uptake in A375 and G-361 cells. Indicated cells were treated with erastin (5 µM in A375, 10 µM in G-361) or RSL3 (0.1 µM in A375, 0.5 µM in G-361) for 24 h. Data shown represent mean ± SD from three independent experiments. \*\**p \< *0.01

To confirm the bioinformatics-based predictions, we performed luciferase activity assays in A375 and G-361 cells. We first cloned the 3′-UTR sequences of SLC1A5 and SLC38A1 into the psiCHECK-2 vector. We next introduced several mismatch mutations into the seed sequences to generate mutant reporter vectors. As shown in Fig. [4b](#Fig4){ref-type="fig"}, co-transfection of A375 and G-361 cells with miR-137 overexpression constructs dramatically attenuated the luciferase activity of the reporter vector containing the wild-type 3′-UTR of SLC1A5. Although mutation of the seed sequence of miR-137 blocked the inhibitory effect of miR-137 (Fig. [4b](#Fig4){ref-type="fig"}). In contrast, miR-137 had no significant effect on the reporter vector containing the wild-type 3′-UTR of SLC38A1 (Fig. [4c](#Fig4){ref-type="fig"}). These results indicate that miR-137 directly targets the 3′-UTR region of SLC1A5.

To further investigate whether SLC1A5 is truly a target of miR-137, we next examined the effect of miR-137 on the mRNA and protein levels of SLC1A5. A375 and G-361 cells were transfected with a miR-137 overexpression construct or an antagomir, and the mRNA and protein levels of SLC1A5 were analyzed by quantitative reverse transcriptase-PCR (qRT-PCR) and western blot, respectively. We found that cells transfected with miR-137 overexpression construct caused a significant decrease in both mRNA level and protein level of SLC1A5 (Figs. [4d--f](#Fig4){ref-type="fig"}). Conversely, treatment with the miR-137 antagomir resulted in increased mRNA and protein expression of SLC1A5 (Figs. [4d--f](#Fig4){ref-type="fig"}). However, miR-137 had no significant effect on both mRNA and protein levels of SLC38A1 (Fig. S[2a-c](#MOESM1){ref-type="media"}). These findings suggest that miR-137 regulates cellular levels of SLC1A5 in melanoma cells.

SLC1A5 is an essential transporter for Gln uptake, miR-137 should modulate the Gln import by regulating SLC1A5. To test this hypothesis, we transfected the cells with miR-137 and measured the Gln uptake rates. As shown in Fig. [4g](#Fig4){ref-type="fig"}, the Gln uptake in miR-137 overexpression cells was strongly suppressed compared with the control cells. Conversely, cells transfected with miR-137 antagomir resulted in an increase in Gln uptake in both A375 and G-361 cells (Fig. [4h](#Fig4){ref-type="fig"}). Taken together, these results indicate that miR-137 suppresses Gln uptake by targeting SLC1A5.

Overexpression of SLC1A5 restored miR-137-mediated ferroptosis suppression {#Sec24}
--------------------------------------------------------------------------

To analyze whether miR-137 modulates ferroptosis through its effects on SLC1A5, we performed rescue experiments by overexpressing SLC1A5. The coding sequence of SLC1A5 was cloned into the expressing vector, which did not have the miR-137-binding sequence; it was therefore resistant to miRNA-mediated downregulation. First, cells transfected with miR-137 significantly suppressed erastin-induced cell death in A375 and G-361 cells, but this inhibitory effect was rescued by co-transfected with SLC1A5 overexpression vectors (Figs. [5a, f](#Fig5){ref-type="fig"}). In other words, supplement of SLC1A5 protein was sufficient to increase ferroptosis level even in the presence of the miR-137. Second, we observed that the Gln uptake suppressed by miR-137 was strongly induced in SLC1A5 overexpression cells (Figs. [5b, g](#Fig5){ref-type="fig"}). Third, the lipid ROS accumulation revealed by MDA assay and BODIPY-C11 staining was also restored upon overexpression of SCL1A5 (Figs. [5c, d, h, i](#Fig5){ref-type="fig"}). More importantly, inhibition of SLC1A5 by GPNA can prevent the rescue function of SLC1A5 in both A375 (Figs. [5a--d](#Fig5){ref-type="fig"}) and G-361 cells (Figs. [5f--i](#Fig5){ref-type="fig"}), which further confirmed SLC1A5 is the target of miR-137 during ferroptosis in melanoma cells. The cellular protein levels of SLC1A5 in different cells were detected by western blot (Figs. [5e, j](#Fig5){ref-type="fig"}). These results show that miR-137 regulates ferroptosis by modulating the expression of glutamine transporter SLC1A5 in melanoma.Fig. 5Overexpression of SLC1A5 rescued miR-137-mediated ferroptosis inhibition. **a**, **b**, **c** Cell viability **a**, intracellular MDA levels **b**, and \[^3^H\]-L-glutamine uptake **c** of indicated cells were measured. A375 cells were transfected with indicated constructs and treated with erastin (5 µM) or RSL3 (0.1 µM). The concentration of GPNA is 5 mM. Data are mean ± SD from three independent experiments. \*\**p* \< 0.01, \*\*\**p* \< 0.001, \*\*\*\**p* \< 0.0001. **d** Lipid ROS levels of indicated cells were measured by flow cytometry using C11-BODIPY. A375 cells were transfected with indicated constructs and treated with erastin (5 µM) or RSL3 (0.1 µM). **e** Immunoblot analysis of SLC1A5 in A375 cells following indicated transfections and treatments. Actin was used as a loading control. **f**, **g**, **h** Cell viability **f**, intracellular MDA levels **g** and \[^3^H\]-[l]{.smallcaps}-glutamine uptake **h** of indicated cells were measured. G-361 cells were transfected with indicated constructs and treated with erastin (10 µM) or RSL3 (0.5 µM). The concentration of GPNA is 5 mM. Data are mean ± SD from three independent experiments. \*\**p* \< 0.01, \*\*\**p* \< 0.001, \*\*\*\**p* \< 0.0001. **i** Lipid ROS levels of indicated cells were measured by flow cytometry using C11-BODIPY. G-361 cells were transfected with indicated constructs and treated with erastin (10 µM) or RSL3 (0.5 µM). **j** Immunoblot analysis of SLC1A5 in G-361 cells following indicated transfections and treatments. Actin was used as a loading control

a-KG enhances ferroptosis in a manner insensitive to miR-137 {#Sec25}
------------------------------------------------------------

Gln plays an important role in ferroptosis, which can enhance cell death and MDA accumulation in A375 and G-361 cells treated with erastin or RSL3 in a dose-dependent manner (Figs. [6a, b](#Fig6){ref-type="fig"} and Fig. S[3a, b](#MOESM1){ref-type="media"}). As miR-137 suppresses Gln import by targeting SLC1A5, we then tested whether miR-137 can block Gln-induced cell death and MDA accumulation. As expected, Gln did not enhance cell death and MDA accumulation in A375 and G-361 cells transfected with miR-137 (Figs. [6a, b](#Fig6){ref-type="fig"} and Fig. S[3a,b](#MOESM1){ref-type="media"}). Gln can be converted to a-KG through glutaminolysis (Fig. [3a](#Fig3){ref-type="fig"}), and a-KG can mimic the ferroptosis enhancer activity of Gln \[[@CR10]\]. As a downstream metabolite of glutaminolysis, a-KG should rescue the reduction of ferroptosis mediated by the overexpression of miR-137. Indeed, after erastin or RSL3 treatment, a-KG induced both cell death and MDA accumulation in a dose-dependent manner even in the presence of miR-137 (Figs. [6c, d](#Fig6){ref-type="fig"} and Fig. S[3c,d](#MOESM1){ref-type="media"}). These results suggested that the downstream metabolites of glutaminolysis, like a-KG, can enhance ferroptosis insensitive to miR-137. This conclusion is also consistent with the finding that miR-137 targets Gln transporter protein SLC1A5, which is upstream of glutaminolysis.Fig. 6miR-137-mediated ferroptosis inhibition was rescued by a-KG but not glutamine. **a** L-Gln induces cell death in erastin or RSL3-treated A375 cells in a dose-dependent manner. Overexpression of miR-137 blocked the cell death-inducing activity of L-Gln. Indicated cells were treated with erastin (5 µM) or RSL3 (0.1 µM) for 24 h, and the cell viability was assayed using a CCK-8 kit. The concentrations of L-Gln were 0.02, 0.1 and 0.5 mM. Data are mean ± SD from three independent experiments. n.s. not significant; \**p* \< 0.05. **b** The intercellular MDA levels of erastin or RSL3-treated A375 cells were induced by L-Gln in a dose-dependent manner, which were blocked by the overexpression of miR-137. Indicated cells were treated with erastin (5 µM) or RSL3 (0.1 µM) for 24 h. The concentrations of L-Gln were 0.02, 0.1 and 0.5 mM. Data are mean ± SD from three independent experiments. \**p* \< 0.05. **c** a-KG induces cell death in both control and miR-137-overexpressing A375 cells in a dose-dependent manner. Indicated cells were treated with erastin (5 µM) or RSL3 (0.1 µM) for 24 h. The concentrations of a-KG were 0.5, 1 and 2 mM. Data are mean ± SD from three independent experiments. \*\**p* \< 0.01. **d** The intercellular MDA levels in both control and miR-137-overexpressing A375 cells were induced by a-KG in a dose-dependent manner. Indicated cells were treated with erastin (5 µM) or RSL3 (0.1 µM) for 24 h. The concentrations of a-KG were 0.5, 1 and 2 mM. Data are mean ± SD from three independent experiments. \*\**p* \< 0.01

miR-137 suppresses ferroptosis both in vitro and in vivo {#Sec26}
--------------------------------------------------------

The observed effects of miR-137 on ferroptosis suggest that the expression level of miR-137 should modulate the antitumor activity of erastin and RSL3. Thus, we stably overexpressed miR-137 in A375 cells by lentiviral vector and treated the cells with erastin, and measured its effect on cell viability by colony formation assay. We found that ectopic expression of miR-137 significantly reduced erastin-induced ferroptotic cell death (Fig. [7a](#Fig7){ref-type="fig"}). Meanwhile, we also used lentiviral vector to stably and specifically knockdown miR-137 by overexpressing the target sequence of miR-137 \[[@CR37]\]. As shown in Fig. [7a](#Fig7){ref-type="fig"}, knockdown of miR-137 markedly increased erastin-induced ferroptotic cell death. The mRNA levels of SLC1A5 in different A375 cells were measured by qRT-PCR, and the results confirmed that miR-137 modulates the expression levels of SLC1A5 (Fig. [7b](#Fig7){ref-type="fig"}). Similarly, the expression level of miR-137 can regulate erastin-induced ferroptotic cell death in G-361 cells (Figs. [7c, d](#Fig7){ref-type="fig"}), which suggests that the function of how miR-137 regulates ferroptosis is not cell specific.Fig. 7Inhibition of miR-137 enhances the ferroptosis activity in vivo. **a** Colony formation assay of the indicated A375 cell lines. Cells were treated with erastin (5 µM) for 24 h, and were grown without erastin for 14 days. For each cell line, all dishes were fixed, stained, and photographed at the same time. Data are mean ± SD from three independent experiments. \*\**p* \< 0.01. **b** Quantitative RT-PCR showing the relative expression levels of SLC1A5 in indicated A375 cells in **a**. Data are mean ± SD from three independent experiments. \*\**p* \< 0.01. **c** Colony formation assay of the indicated G-361 cell lines. Cells were treated with erastin (10 µM) for 24 h, and were grown without erastin for 14 days. For each cell line, all dishes were fixed, stained, and photographed at the same time. Data are mean ± SD from three independent experiments. \*\**p* \< 0.01. **d** Quantitative RT-PCR showing the relative expression levels of SLC1A5 in indicated G-361 cells in **c**. Data are mean ± SD from three independent experiments. \*\**p* \< 0.01. **e**, **f** Suppression of miR-137 enhances erastin-induced ferroptosis in vivo. C57BL/6 mice were injected subcutaneously with indicated A375 cells **e** or G-361 cells **f** (1 × 10^6^ cells per mouse) and treated with erastin (15 mg/kg intraperitoneally, twice every other day) when the tumor volume reached 50 mm^3^. Tumor volume was calculated every 4 days. Data represent mean ± SD (*n* = 5--6 mice per group). Significance was determined by one-sided Mann--Whitney *U*-test, \**p* \< 0.05. **g** Schematic depicting miR-137-mediated ferroptosis in melanoma cells. miR-137 suppresses erastin-induced ferroptosis by directly targeting Gln importer SLC1A5

We next investigated whether knockdown of miR-137 enhances erastin-induced ferroptotic cell death in vivo. miR-137 overexpression or knockdown A375 cells were implanted into the subcutaneous space of nude mice. When the tumors reached at 50 mm^3^, mice were treated with erastin for 20 days. Compared with the control vector group, repression of miR-137 effectively reduced the size of tumors formed (Fig. [7e](#Fig7){ref-type="fig"}). In contrast, the size of tumors with ectopic expression of miR-137 is markedly bigger than the control group (Fig. [7e](#Fig7){ref-type="fig"}), which suggests that miR-137 blocked erastin-induced ferroptotic cell death in vivo. Similarly, miR-137 also modulated the antitumor activity of erastin in G-361 cells in mice (Fig. [7f](#Fig7){ref-type="fig"}). Collectively, these findings demonstrate that miR-137 plays an critical role in the regulation of ferroptosis cell death in a subcutaneous melanoma mouse model.

Discussion {#Sec27}
==========

miR-137 is an important tumor suppressor. It regulates cancer cell proliferation, migration, apoptosis, and autophagy in many types of cancers by targeting XIAP, FUNDC1, NIX, SRC3, and more \[[@CR38]--[@CR40]\]. In the present study, we introduced miR-137 as the first miRNA that regulates erastin- and RSL3-induced ferroptosis in melanoma (Fig. [7g](#Fig7){ref-type="fig"}). miR-137 overexpression caused a significant decrease of Gln transporter SLC1A5. Overexpression of SLC1A5 rescued the ferroptosis-suppressing effect of miR-137, confirming that miR-137 modulates ferroptosis through its inhibitory effects on SLC1A5.

SLC1A5 is a cell surface transporter that mediates uptake of neutral amino acids including Gln \[[@CR41]\]. The intracellular Gln pool is critical for sustained activation of mammalian target of rapamycin complex 1 (mTORC1) signaling \[[@CR42]\], a master regulator of cell growth, apoptosis, and autophagy. In erastin- and RSL3-induced ferroptosis, the Gln importation and metabolism induces lipid ROS generation and promotes cell death \[[@CR10]\]. Suppression of SLC1A5 by miR-137 or small molecular inhibitor GPNA strongly inhibits glutaminolysis to cause ferroptotic cell death. SLC1A5 is required for cell survival and growth in normal conditions, but after erastin and RSL3 treatment it facilitates ferroptotic cell death. As SLC1A5-mediated glutamine transport plays a key role in tumor cell metabolism, proliferation, and ferroptosis, it is a potential way for solid tumor treatment to target glutamine transport via SLC1A5 inhibition.

miR-137 has been identified to be significantly downregulated in melanoma compared with adjacent normal tissues \[[@CR43], [@CR44]\]. Similar results have been reported in glioblastoma \[[@CR45]\], colorectal cancer \[[@CR46]\], and non-small cell lung cancer \[[@CR40]\]. As a target of miR-137, the expression levels of SLC1A5 are increased in various types of cancer, such as melanoma \[[@CR47]\], neuroblastoma \[[@CR48]\], and prostate cancer \[[@CR49]\]. The negative correlation between miR-137 and SLC1A5 in many different kinds of cancers suggests that SLC1A5 is an important target of miR-137 to inhibit cancer cell growth. The expression level of miR-137 is tightly associated with clinical characteristics, such as TNM stage, ulcer, distal metastasis, and occurrence site \[[@CR43], [@CR44]\]. miR-137 is not only involved in cancer pathogenesis and progression, but it also regulates drug resistance in many tumors. For example, silencing of miR-137 induces drug resistance by targeting Aurora kinase A (AURKA) in multiple myeloma \[[@CR50]\]. Repression of miR-137 significantly inhibits chemosensitivity to paclitaxel and cisplatin in lung cancer by targeting nuclear casein kinase and cyclin-dependent kinase substrate 1 and caspase 3 \[[@CR51]\]. Blocking miR-137 conferred oxaliplatin resistance in colon cancer cells by targeting YBX1 \[[@CR52]\]. In our study, we found that knockdown of miR-137 sensitized melanoma cells to erastin-induced ferroptosis, which dramatically suppressed the ability of melanoma cells to form colonies in vitro and to develop tumors in a xenograft mouse model in vivo. Therefore, we speculate that the cancer cells with low miR-137 expression could be sensitive to erastin-induced ferroptosis, which may serve as a potential and novel therapeutic strategy for cancer treatment.

miRNAs are known to play crucial roles in diverse biological processes including cell proliferation, apoptosis, autophagy, and so on. Intriguingly, some miRNAs are important regulators in the crosstalk between autophagy and apoptosis. As an important tumor suppressor, miR-137 promotes apoptosis in ovarian cancer cells via the regulation of XIAP \[[@CR39]\]. Meanwhile, miR-137 inhibits mitophagy via regulation of two mitophagy receptors FUNDC1 and NIX \[[@CR38]\]. In this study, we found that miR-137 suppresses ferroptosis by targeting Gln transporter SLC1A5. Collectively, miR-137 is the first identified miRNA that mediates the cross-regulation among apoptosis, autophagy, and ferroptosis. In our screen, we also identified another important ferroptosis associated miRNA, miR-101, which activated erastin- and RSL3-induced ferroptosis by targeting GSH synthesis enzyme Glu--cysteine ligase (data unpublished). Intriguingly, miR-101 represses three important autophagy-associated proteins RAB5A, ATG4D, and STMN1 \[[@CR53]\]; and also targets the important anti-apoptotic protein MCL1 \[[@CR54]\]. These findings further strengthen the point that a single miRNA can simultaneously modulate apoptosis, autophagy, and ferroptosis. Further efforts to decipher the crucial role of miRNAs in the interplay between apoptosis, autophagy and ferroptosis have profound clinical implications since the evasion of cell death underlies tumorigenesis and drug resistance. Therefore, such efforts are imperative to improve our understanding of miRNAs in tumorigenesis and present a potentially very useful therapeutic strategy for future treatment.
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